The objective of this study was to develop a transparent, comprehensive, and flexible model for each trait for the formulation of breeding objectives for sow traits in swine breeding programs. Economic values were derived from submodels considering a typical Australian pig production system. Differences in timing and expressions of traits were accounted for to derive economic weights that were compared on the basis of their relative size after multiplication by their corresponding genetic standard deviation to account for differences in scale and genetic variability present for each trait. The number of piglets born alive had the greatest contribution (27.1%) to a subindex containing only maternal traits, followed by daily gain (maternal; 22.0%) and sow mature weight (15.0%). Other traits considered in the maternal breeding objective were preweaning survival (11.8%), sow longevity (12.5%), gilt age at puberty (8.7%), and piglet survival at birth (3.1%). The economic weights for number of piglets born alive and preweaning piglet survival were found to be highly dependent on the definition of scale of enterprise, with each economic value increasing by approximately 100% when it was assumed that the value of extra output per sow could be captured, rather than assuming a consequent reduction in the number of sows to maintain a constant level of output from a farm enterprise. In the context of a full maternal line index that must account also for the expression of direct genetic traits by the growing piglet progeny of sows, the maternal traits contributed approximately half of the variation in the overall breeding objective. Deployment of more comprehensive maternal line indexes incorporating the new maternal traits described would lead to more balanced selection outcomes and improved survival of pigs. Future work could facilitate evaluation of the economic impacts of desired-gains indexes, which could further improve animal welfare through improved sow and piglet survival. The results justify further development of selection criteria and breeding value prediction systems for a wider range of maternal traits relevant to pig production systems.
INTRODUCTION
The application of crossbreeding in pig farming systems is fundamental to modern pig production systems and has important implications for breeding programs, including the need for separate development of maternal and sire breeding lines of pigs (e.g., Harris, 1998) . For genetic improvement of maternal lines, maternal traits such as litter size and sow longevity and also sire line traits such as growth rate, feed efficiency, and carcass attributes are highly relevant. In Australia, economic values have been presented for a number of sire line traits and litter size in the past (Cameron and Crump, 2001; Hermesch, 2005) . The implications of selective breeding for litter size on piglet viability were reviewed by Bunter (2009) , who outlined selection strategies for piglet survival. Bioeconomic models to derive economic values for traits describing piglet survival as well as sow longevity and sow mature weight were developed for pig breeding in the 1980s (Tess et al., 1983; De Vries, 1989 ). The bioeconomic model developed by De Vries (1989) has been applied by a number of research-ers to derive economic values for traits of the sow and growing pig (e.g., Cameron and Crump, 2001; Serenius et al., 2007) . However, the complexity of these bioeconomic models may have hindered further refinements of the maternal breeding objective. Further, maternal traits are expressed at different time points, and economic values need to be converted into economic weights by taking discounted genetic expressions into account.
The objective of this paper was to derive simple, independent models for each trait to quantify economic values and economic weights for maternal traits in pig production, including longevity of sows, survival at birth, preweaning survival, number of piglets born alive, age at puberty, mature weight of sows, and maternal genetic effects on ADG.
METHODS

Approach
The economic value for a range of maternal pig traits reflects the change in profit per unit change in each trait expressed once and independently of other traits. The approach involved an independent model for each trait describing sow performance and profitability both before and after genetic change in each trait of interest. This approach does not use complex bioeconomic models (e.g., Tess et al., 1983; De Vries, 1989) or first derivatives of profit functions (e.g., Hermesch et al., 2003; Knap, 2005) . As such, different assumptions about the scale of the pig breeding operation can easily be accommodated. For example, economic values for pig survival are specified for 2 alternative production systems based on either a constant number of sows or a constant number of pigs sold.
Key assumptions made in the calculation of the maternal economic values were based on typical production parameters for Australia (Australian Pork Limited, 2012) , which are included in Appendix 1. These include production and price assumptions for sows, replacements, and piglets as well as those that relate to other aspects of the operation, including capital value of the buildings and facilities, depreciation, and discount rates.
Economic values do not take into account the timing and contribution to a trait made by a selection candidate's genes over an extended period of time. Therefore, they were discounted back to the time of birth of a gilt replacement. The survival proportion at birth, survival proportion at weaning, number of piglets born alive, mature weight sow maintenance, mature weight capital costs, and maternal genetic effects for ADG, for instance, are expressed once per parity. In contrast, traits such as longevity and cull sow mature weight are expressed at the end of the sow's life, whereas the age at puberty and mature weight (gilt energy) traits are expressed at the time of first farrowing. Economic weights, and consequently the units of the index, were defined per replacement breeding gilt entering a swine operation, but they can easily be transformed to a value expressed as per farrowing sow.
Economic Value of Sow Longevity
The economic value of sow longevity was defined as the marginal economic benefit of a sow achieving an extra parity during her lifetime. This was calculated by simulating a unit increase in probabilities of interparity survival at herd level and then dividing the average change in profit per sow across the herd by the average change in number of parities per sow. Parity n was defined as the interval from the nth conception to the nth + 1 conception. The economic value for a 1-parity increase in sow longevity ( EV_PAR ) was estimated as
where P is the average number of parities per sow, PPP ∆ is the change in average profit per parity for a 1% increase in interparity survival, and DP is the change in average parities per sow for a 1% increase in interparity survival. The multiplication by P ensures that the economic value is expressed on a per sow lifetime basis, rather than on a per parity basis. The value for DP was calculated as 10 10 Base 1% Base n n n 1 n 1 P S n S n, D r r
where rS n Base+1% is the proportion of the sow herd in each parity for the scenario with a 1% increase in interparity survival rates and rS n Base is the proportion of the sow herd in each parity for the base scenario. The symbol n indicates the parity numbers over which probabilities are summed. Values for these inputs are shown in Table 1 , which reflect an interparity survival rate of sows of 78% for the first 5 parities for the base scenario.
The value for ∆PPP was calculated as
such that different parities (denoted n) have different calculated levels of net returns (NR) per sow from weaned piglet sales after accounting for piglet and sow feed costs, Sal is the weighted average salvage returns from slaughter of cull sows in a herd with (Sal Base+1% ) or without (Sal Base ) a 1% improvement in rates of survival through successive parities, C R is the cost of a replacement gilt ($AU350), and ρS denotes the proportion of the sow herd in each of 10 possible parities that also depends on the rates of sow survival between parities for the base sce-nario (ρS Base ) and the scenario improved by 1% in the rates of survival through successive parities (ρS Base+1% ). Net returns per sow of parity n (NR n ) were calculated assuming that first-, second-, and third-or higherparity sows would wean 9.15, 9.86, and 9.86 live pigs worth $AU94.5, $AU97.65, and $AU99.23 on average per piglet, respectively. This gave total revenues of $AU865, $AU963, and $AU978 per litter for the first-, second-, and third-or higher-parity sows, respectively. The feed costs and piglet disposal costs were then subtracted from the total revenues to estimate the NR n .
Energy requirements per parity were computed using energy requirement equations from Whittemore (1998) as outlined in Appendix 2. Feed prices per unit of DM and per megajoule of ME were assumed to be the same for sows as for growing piglets (postweaning) and for gilts. Cost of feed was assumed to be $AU280/t fresh weight with a DM percentage of 90%, an energy concentration of 12.5 MJ ME/kg DM, leading to a cost of $AU0.03/MJ ME utilized, assuming 95% feed utilization. This cost of megajoule of ME utilized was then multiplied by the energy requirement of each parity to derive feed cost per parity.
Piglet disposal costs were assumed to be $AU118.13, $AU130.85, and $AU133.96 for the first-, second-, and third-or higher-parity sows, respectively. These costs were based on the value of a weaner pig for each parity and piglet mortalities before weaning.
For both the base (x = Base) and improved (x = Base + 1%) survival herds, Sal were calculated as .
. , [4] assuming that of the sows that departed from the herd, 0.9 were slaughtered as cull sows at a carcass weight of Cwt S n (in kg) while 0.1 died on farm. For those slaughtered as cull sows, a carcass price (P S ) of $AU1.50/kg carcass was used, whereas sows that died on farm were assumed to have a cost (C SD ) of $AU50 for disposal. Carcass weight of sows as a percentage of live weight of sows at slaughter ( Dp S ) was assumed to be 75% across all parities. Carcass weights were different over the first 5 parities, with values of 119, 157, 183, 199 , and 215 kg, respectively. Sows with greater than 5 parities were assumed to achieve the same carcass weights as sows culled after their fifth parity.
Economic Value of Number of Piglets Born Alive
The economic value for number of piglets born alive per litter was derived using 2 different assumptions about the long-term constraint on the size of the farming operation. They reflect whether a farm would decrease sow capacity in the long term in response to improved piglet output or would keep the same number of sows and produce more piglets. Both traits were defined as being expressed once per parity.
Fixed Number of Piglets. The economic value for an increase of 1 extra piglet born alive per litter assuming a fixed number of piglets (EV_NBA FP ) was calculated using the ratio of total costs per sow per year divided by the number of piglets born alive per year under the assumption that increased sow output would lead to a proportionate reduction in the number of sows required to achieve a fixed output in the long run. An allowance was also made for higher lactation feed requirements for sows per extra piglet born (LC) as follows: The term C SO is the annual operating costs, C SC is the annualized capital costs, and C SF is the average parity feed costs for a sow operation; avgNBA (11.01) is the number of piglets born alive per sow as an average over parities, and Par is the average number of parities per sow per year (2.27). The C SC for sows were calculated assuming a $AU10,000 replacement capital value of the sow building and facilities (K S ) expressed per breeding sow, a 3% inflation-free interest rate (i), and a 10% depreciation rate (d) as follows:
[6]
The lactation costs per extra piglet born alive were calculated as follows: where Gr W is the piglet growth rate of 310 g/d, Age W is weaning age of 23 d, and Milk is the quantity of milk (4 L) that is required for a piglet to grow 1 kg of live weight. The ME required to produce 1 L of milk (MEmilk) was 7.7 MJ ME/L, the energy concentration of feed (Md s ) was 12.5 MJ ME/kg DM, the DM proportion of feed for sows (Dm S ) was 0.9, and the price per kilogram (fresh weight) of sow feed (F S ) was $AU0.28/ kg. All of the energy required by an extra piglet born alive was assumed to originate from mobilized fat at an efficiency of use (Efm) of 0.85 (Whittemore, 1998) . It was assumed that no adjustment for litter size is made when estimating breeding values for preweaning survival. Therefore, there was no need to account for the fact that there will be higher preweaning mortality with larger litters in this economic value for number of piglets born alive. In the event that an adjustment is included for litter size when estimating breeding values for preweaning survival, there would be an additional requirement to account for the fact that there will be higher preweaning mortality with larger litters. In this instance, the product of a genetic regression coefficient of preweaning survival on number born alive per litter and the economic value of piglet survival (fixed number of piglets assumption) would need to be added to this economic value for number of piglets born alive. Values of $AU130 for C SC per parity and $AU200 for C SO were assumed on the basis of information from industry experts.
Fixed Number of Sows. The economic value of 1 extra piglet born alive assuming a fixed number of sows in the long term (EV_NBA FS ) was based on the fact that with larger litter size more piglets are generated for sale as weaners with an allowance for higher lactation feed costs for sows. For this scenario, EV_NBA FS was computed as follows:
where V W is the sale price value of a weaner pig ($AU94.50), which gets adjusted for a preweaning survival rate (S W ) of 0.88. This calculation also makes the assumption that EBV for preweaning survival have not been corrected for litter size. This assumption can be relaxed in the same way as described above for the fixed number of piglets assumption, except that the economic value of preweaning survival used in the adjustment corresponds to the situation of a fixed number of sows.
Economic Value of Survival Proportion at Birth
Survival at birth is a trait of the sow expressed once per parity and was defined as the proportion of surviving piglets at birth, e.g., number of live-born piglets divided by the total number of piglets per litter. The economic value of survival at birth (EV_SB) accounts for the savings in gestation cost of the sow associated with the stillborn piglet along with benefits of lower disposal costs of dead piglets. The value of the piglet itself is not counted in EV_SB. Instead, extra live-born piglets are accounted for in the economic value of the trait number born alive per litter. Similarly, lower preweaning survival and weaning weight usually observed in the surviving piglets of litters with more stillborn piglets are accounted for by including preweaning survival and maternal genetic effects for growth in the breeding objective.
The equation to derive EV_SB was
where ME conc is the average daily energy requirement of sows during gestation for products of conceptus corresponding to a single piglet (0.16 MJ ME/d), GI is the gestation length of the sow (115 d), C B is the cost of disposing of a dead or stillborn piglet ($AU2/piglet), and S B is the average still birth rate (0.07) across parities.
Where the economic value is applied to an EBV defined as the number of pigs surviving per litter, rather than as a proportion of pigs in the litter that survive, it is necessary to remove the multiplication by avgNLB in Eq. [9] . A similar modification can also be applied within other survival trait economic values described below.
Economic Value of Survival Proportion Preweaning
The preweaning survival trait was defined to have units of piglets surviving per piglet born, rather than the total count of piglets surviving until weaning from the litter. It is a trait of the sow expressed once per parity. The economic value is derived from the value of an extra piglet surviving until weaning, taking into account the cost savings due to the need to dispose of dead piglets. Most piglets die within the first few days after farrowing, so full lactation feed costs for the additional surviving piglets were counted.
Two production system scaling approaches were also considered for calculating the economic value of preweaning survival, similar to the approaches for number born alive per litter. The economic value of preweaning survival assuming a fixed number of piglets from the production system (EV_SW FP ) was calculated as
The economic value of preweaning survival assuming a fixed number of sows (EV_SW FS ) is similar, but EV_NBA FS is substituted for EV_NBA FP in Eq. [10] .
Economic Value of Age at Puberty
The economic value for age at puberty (EV_AP) was based on a 1-d increase in maintenance feed and operating costs for replacement gilts. The equation used to calculate these additional costs was EV_AP = C GO + C GM , [11] where C GO are operating costs per gilt per day at the time of first mating and C GM are the feed costs to sustain 1 extra day of maintenance feed energy requirements at time of first mating. The value of $AU/gilt and day for C GO was based on an industry estimate, whereas C GM was calculated as
where the energy requirements of a replacement gilt in the base scenario (Feed R ) was 3,985 MJ ME on the basis of the feed requirements described in Whittemore (1998) ; the feed requirement for a replacement gilt that takes 1 d longer to reach puberty (Feed R+1day ) was 4,005 MJ ME, and the cost of energy utilized by the replacements (FUt R ) was $AU0.026/MJ ME.
Economic Value of Mature Weight of Sows
The economic value of sow mature weight (EV_ SMW) was based on 4 economic value components that accounted for the extra capital investment required over time to accommodate the larger breeding sows, the sow cull value, sow maintenance feed costs per parity, and the feed costs to rear heavier replacement gilts at age of first conception.
Extra Capital Investment Component. The economic value component for the extra capital required to accommodate larger breeding sows (EVC_SMW C ) was expressed per parity, so the annual capital costs of housing needed to be scaled back to Par. Over the long term it was assumed that the capital housing requirements for sows were proportional to sow mature weight (SMW) to the power of 0.66 under the assumption that SMW increases in 3 dimensions, whereas area required is limited to only 2 dimensions because it does not include height. Thus, the EVC_SMW C was calculated as
where
was treated as a constant. Cull Value Component. The economic value component of SMW that takes into account sow cull value (EVC_SMW X ) assumed that a change in SMW leads to higher returns at slaughter. This economic value component is expressed only once at the end of the sow's lifetime. However, the proportion of sows that do not receive higher returns (ρ X ) because they die on farm or are condemned at slaughter and do not receive a higher cull value needs to be accounted for. This resulted in
where Dp S was dressing percentage of sows, defined as the proportion of carcass weight of sow live weight at culling (75%). Maintenance Component. The economic value component that takes into account how much a 1-kg increase in SMW affects maintenance feed costs per parity (EVC_SMW S ) was calculated as
where NRG Base is the total energy requirements (MJ ME utilized) across all parities in the herd for the base SMW, NRG Base+10kg is the total energy requirements (MJ ME utilized) across all parities in the herd for the base SMW plus 10 kg, and FUi S is the cost of feed energy utilized by sows (in units of $AU/MJ ME utilized; $AU0.03). The NRG Base (7,618 MJ ME) was calculated as 
where nrg is the energy requirement for 1 sow in parity n. Equations from Whittemore (1998) were used to calculate these energy requirements on the basis of relevant production and equation parameters (Appendix 2). The value for NRG Base+10 (7,632 MJ ME) was calculated using the same equations, except that SMW was increased by 10 kg. The change of 10 kg was modeled, and then the resulting difference was divided by 10 to minimize any errors due to rounding in the model. Replacements Component. The economic value component for additional feed costs to rear replacement gilts for a 1-kg increase in SMW (EVC_SMW R ) was defined as a trait for the replacement gilt. The cost of additional feed was calculated up until age at first conception of replacement gilts. The equation for this economic value component was expressed as
, [18] where Feed R+10kg (4,292 MJ ME) is the cumulative feed requirements for gilts from weaning until first conception with a 10-kg-heavier sow mature weight, Feed R (3,986 MJ ME) is the cumulative feed energy requirements for gilts from weaning until first conception with no change in sow mature weight.
Economic Values for Maternal Genetic Effects on Average Daily Gain
The economic value of the maternal genetic effects on ADG of pigs growing from birth to slaughter (EV_ DGM) was based on the economic value for ADG calculated in the companion paper (Hermesch et al., 2014) . Some further adjustments to account for multiple piglets affected per sow parity were required as follows:
where EV_ADG FCR is the economic value of ADG when the feed conversion ratio is also included in the breeding objective as outlined by Hermesch et al. (2014) and S P is the piglet survival from weaning to slaughter, also expressed as a proportion (0.97). Maternal genetic effects have been found for other traits (Johnson et al., 2002; Solanes et al., 2004) , and economic values may be derived for other traits affected by maternal genetic effect by multiplying the economic value of the corresponding trait of the growing pig by the number of pigs per farrowing affected by the genes of the dam.
Discounted Genetic Expressions of Maternal Traits
To translate economic values and also economic value components for SMW that are expressed in different classes of animals to a common base of expression, discounted genetic expressions coefficients (DGE) were derived. In this way, all maternal economic values can be compared in units per replacement gilt, accounting for the average numbers of parities per replacement gilt and discounting back to the time of birth of a replacement gild so that the delay between expression of replacement gilt traits and end of sow life traits is accounted for. By definition, the DGE for replacement gilt traits (XM R ) took the value of 1.
For traits expressed once per parity (XM F ), the DGE was calculated as XM r ,
where ρA is a vector with the nth element being the probability of a gilt surviving until parity n, q is a vector with the nth element being a discount coefficient corresponding to the nth parity, and r is the annual discount rate of 6% calculated as the farm business interest rate for long-term borrowing after subtraction of the average rate of inflation. For traits expressed at the end of the life of the sow, the relative expression coefficient was calculated as
XM r E Gl+Age 365
where ρD is a vector where the nth element gives the probability of a sow dying or being culled after weaning at the end of parity n. Elements of the vector q are computed as q r Pi 365
where Pi (140 d) is the average interval in days between parities.
Here we define final economic weights that can be applied to corresponding EBV as the product of economic values defined above and the corresponding DGE. Where necessary, products of component economic values and their respective DGE were summed to obtain a single economic weight per trait.
Economic Weights for Sire Line Traits
Economic weights for growing piglet traits have been estimated as part of this same study and are reported in the companion paper (Hermesch et al., 2014) . These economic weights have been used in this paper to facilitate calculation of the relative importance of the maternal economic weights derived in the context of a full maternal line index that would need to account for both direct and maternal traits.
Relative Trait Contributions
The relative contributions of traits to the overall breeding objective were first considered while including the maternal traits reported in this study only to derive a maternal subindex and then were considered for their relative contribution to an overall maternal line breeding objective. Because genetic improvement of a maternal line must take into account the direct genetic contribution to slaughtered progeny of breeding sows, traits expressed directly by pigs growing for slaughter must be taken into account in addition to the sow maternal traits. When the economic values of sire line traits are to be included as part of a maternal line index with units of the index based on genetic expressions from a replacement breeding gilt, then the discounted genetic expressions coefficients for sire line traits taken from the companion paper (Hermesch et al., 2014) need to be modified to account for multiple litters per replacement gilt and the fact that only one-half of a sow's genes are expressed in the progeny.
Relative trait contributions were derived as the absolute values of the products of economic weights multiplied by their genetic SD expressed as a proportion of the sum of all corresponding products across all traits. The genetic SD were based on estimates obtained from Hermesch et al. (2000) , Lewis and Bunter (2011) , Lewis and Hermesch (2013) , and Knol (2001) . The genetic standard deviation for postweaning survival was based on a heritability of 0.05 (Knap and Wang, 2006) and 3% mortality incidence.
RESULTS
Energy Requirements of Sows
Energy requirements for each sow parity group are included in Table 2 . Maintenance energy requirements increased from the first parity (3,291 MJ ME) through to the fifth parity, with 4,332 MJ ME/sow parity. Thereafter, ME requirements remained constant. All parities had the same pregnancy energy requirements (184 MJ ME), whereas lactation energy requirements peaked in the third parity (2,456 MJ ME) and remained at that level in the subsequent parities. Energy for weight gain of sows was greatest in the first parity (2,409 MJ ME) and decreased to less than 300 MJ ME after the fifth parity.
Revenue
The NR n were $AU747/sow for the first parity, $AU832/sow for the second parity, and $AU845/sow for sows in the third or higher parities. The weighted average salvage returns from the proportion of cull sows slaughtered in a herd for the base scenario and for the scenario with a 1% improvement in rates of survival through successive parities are shown in Table 3 . The Sal Base+1% values for parity 4 and higher were greater than the Sal Base values in the equivalent parity because the increase in survival for the Base + 1% scenario led to more sows in the higher parities with greater carcass values.
Costs of Sows and Piglets
Sow feed costs related to only the sow were highest in the first and second parities ($AU211) because less energy was required for growth in mature sows from the third parity onward. Feed costs for sows declined continuously from $AU200 in the third parity to $AU186 to $AU181 for older sows with at least 6 parities. For the purposes of estimating the economic value of sow longevity, only the relative profits per parity were required. Piglets from parity 1 and parity 2 sows had higher feed costs of $AU7/sow and $AU5/sow relative to piglets from sows with at least 3 parities. No difference in total piglet feed costs was assumed for sows with at least 3 parities because they had the same number of piglets born alive. The feed costs related specifically to the sow and feed costs related to piglets in each parity were combined to obtain total feed costs of sows for each parity.
Profit per Parity
Key parameters applicable to the estimation of EV_ Par are included in Table 4 . For a 1% increase in survival between parities, there was a 0.8% reduction in the replacement rate required for a steady state herd structure. This contributed to the $AU2.80 lower replacement costs per parity when survival increased. Average profit per parity increased from $AU645.80/parity to $AU646.40/ parity when survival increased by 1%. After subtracting the fixed replacement costs from the average profit per parity, the margin was $AU3.40 higher in the scenario with higher survival, and each sow was estimated to live 0.14 parities longer. 
Economic Values
The economic values, DGE, and resulting economic weights are included in Table 5 for each maternal trait. Discounted expression coefficients were only slightly lower in magnitude for traits defined for gilts than for traits related to sows at the end of their life because a proportion of sows die on farm and because of discounting to account for the delay between age at first conception and average age of sow disposal. The DGE for traits expressed once per parity was approximately 4-fold higher, reflecting the average number of parities per sow of 4.13 plus some additional discounting to account for timing of expressions.
An indication of the relative contribution each maternal trait economic weight makes to the overall maternal breeding objective is shown in Table 5 along with the relative contributions of sire line trait economic weights from Hermesch et al. (2014) . For number of piglets born alive, the economic value based on the assumption of using a fixed number of piglets as the commercial production system constraint was used. The greatest relative contribution to the maternal index was the number of piglets born alive calculated using a fixed number of piglets (27.1%), followed by daily gain maternal (22.0%) and sow mature weight (overall, 15.0%). For the maternal line index, which included both maternal and sire line traits, the greatest contributors were (in diminishing order) postweaning survival (22.0%), number of piglets born alive (14.0%), and feed conversion ratio (12.8%). Collectively, the maternal traits, not including number born alive per litter, contributed 37.6% to the full maternal line index.
DISCUSSION
This study has quantified economic values for a wider range of traits relevant to maternal pig production, and results suggest that they are likely to make a significant contribution to the breeding objective. Various authors have proposed to include traits describing vitality, uniformity, robustness, welfare, and health of animals as well as environmental sensitivity in pig breeding objectives (Kanis et al., 2005; Knap, 2005; Merks et al., 2012; Hermesch and Amer, 2013) For example, Knap (2005) defined robustness traits as preweaning survival, growing pig survival, and the number of litters a sow has over a lifetime. In that study, the robustness traits were shown to contribute improvements to pig production profitability similar to other conventional production traits such as carcass lean content, days to slaughter, average daily intake, and litter size at farrowing. The broader suite of maternal traits included in this study will further contribute to improvements in robustness and a generally more sustainable breeding objective. For example, selection pressure on SMW to slow increases in mature weight will reduce the rate of genetic gain in growth rate. Emphasis on maternal weaning weight improves the ability of the sow to support piglet production. In the 1980s and 1990s, litter size dominated the maternal subindex, with other reproductive traits jointly accounting for 14% to 59% of the maternal breeding objective, as reviewed by Quinton et al. (2006) . Even more recently, litter size remained the only maternal trait in the breeding objective presented by Houska et al. (2010) . However, most studies present a more balanced maternal breeding objective now that includes a wider range of economically important traits (e.g., Knap, 2005; Serenius et al., 2007) . This study confirmed the significance of other maternal traits (excluding number born alive per litter), which contributed 72.9% and 37.6% to the maternal subindex and the overall maternal index, respectively.
This study proposes the inclusion of maternal genetic effects on lifetime growth as a breeding objective trait for sow productivity. This trait was the second most important maternal trait. An alternative approach uses an economic value for weaning weight that is based on the economic value for growth multiplied by the number of piglets born alive per sow averaged across parities, the proportion of piglets surviving from birth to slaughter, and the environmental regression of ADG on maternal weaning weight. This regression represents the environmental relationship between heavier weight at weaning due to the sow's maternal ability and the subsequent performance of piglets. A regression coefficient estimate that incorporates the direct relationship between weaning weight and ADG would be inappropriate because maternal sow effects operate differently, effectively acting as an environmental shift. However, this environmental relationship is diffi- Dube et al., 2013) or to incorporate superior growth of piglets from heavier litters into the economic value for litter size using a phenotypic regression (Quinton et al., 2006) as indirect strategies to select for genes of the dam that favor ADG in pigs. These indirect strategies are not appropriate, as outlined above, and maternal genetic effects of ADG should be incorporated in breeding objectives of maternal lines. As the population average for traits change, the optimal weighting for each trait can also change (Mohr et al., 1993) . A Canadian study (Quinton et al., 2006) showed additional emphasis needed to be placed on piglet perinatal survival as litter sized increased, whereas the economic importance of litter size itself decreased. In our model, the economic values for litter size and preweaning survival were affected by average litter size when assuming a fixed number of piglets. This finding is similar to the results of Quinton et al. (2006) . Further, as litter size increases, the number of DGE of piglet survival traits increases modestly for both assumed farming operations (fixed number of sows vs. fixed number of piglets slaughtered). In addition, increasingly unfavorable genetic correlations between number born alive per litter and traits describing piglet survival at birth and preweaning have been found (Lewis and Hermesch, 2013) . Edwards (2002) described the evolutionary strategy of the pig as being the approach to produce a large number of relatively undeveloped offspring. The low EV_ SB compared with EV_SW FP or EV_SW FS reflects the small biological effort required by the sow to produce an extra piglet at birth. The value of the piglet itself is accounted for in the economic value for number born alive per litter. Other studies have not made this distinction and have presented similar economic values for perinatal and preweaning survival (Quinton et al., 2006; Serenius et al., 2007) . Only preweaning survival was included in the breeding objective by De Vries (1989) and in the simplified example of Knap (2005) . However, even if the biological cost to produce a piglet is low, high mortality rates of piglets at birth are unacceptable to society, and a higher emphasis may be placed on survival at birth by pig breeding programs to avoid an increase in the number of stillborn piglets. Table 5 . Relative contribution of traits to the selection index containing only maternal traits (M%) or a maternal line index containing a combination of maternal and sire line traits (I%) when economic weights (EW) are weighted by the respective genetic standard deviation (Gsd) for each trait on the basis of the economic values (EV) of unit trait changes per trait expression and discounted genetic expressions coefficients (DGE) This study presents an alternative model to derive the economic value for sow longevity. The more complex bioeconomic model developed by De Vries (1989) has been used to obtain economic values for sow longevity in some studies (Serenius et al., 2007) . Other approaches were based on a net present value analysis to determine the number of parities for which a sow must remain in the herd to become profitable (Stalder et al., 2003; Rodriguez-Zas et al., 2003) and a profit function including the number of litters a sow will have in her lifetime (Knap, 2005) . Differences in reproductive performance between parities are accounted for in bioeoconomic models and net present value analyses; however, none of these studies considered the effect of parity on offspring performance. Information about parity effects on lifetime performance is surprisingly scarce (Standal, 1973) . The recent study by Hermesch and Li (2013) showed considerable variation in the effect of parity on growth of progeny between herds, indicating the need to quantify the parity effect on performance of growing pigs better for a wider range of economically important traits.
Ongoing selection pressure on growth rates in Australian pigs is increasingly leading to concerns that mature weight may require additional emphasis on selection goals. De Vries (1989) presented a positive economic value for mature weight due to higher cull values of heavier sows. The higher maintenance and capital costs of sows with a higher mature weight that lead to a negative EV_SMW in our study were ignored by De Vries (1989). The negative economic value for SMW presented in this study demonstrates that economic progress brought about by selection for growth traits will be tempered by the positive correlation between growth rates in pigs and mature weight of sows. Lewis and Bunter (2013) , for example, estimated a genetic correlation of 0.32 between weight of pigs at 20 wk and weight of sows at mating for the fifth parity. Furthermore, a regression by Hermesch et al. (2010) suggests there is a 3-kg increase in sow mature weight for every 10 g/d increase in EBV for ADG. In terms of the overall effect of mature weight on a pig operation, our study shows that the small benefits from higher sow cull values will be outweighed by greater feed requirements for sow maintenance and replacement gilts, as well as higher capital costs for housing facilities.
Some sow traits such as SMW and survival traits are likely to be antagonistic to the more traditionally used selection criteria. For example, not accounting for the net costs associated with mature sow size has led to substantial increases in mature sizes for maternal line pigs, to the extent that older housing facilities are sometimes no longer suitable. Including mature sow weight in the breeding objective of maternal line pigs should lead to a reduction in the rate of increase in mature weight. Also, because of its moderate to high genetic correlation with direct genetic effects on ADG, it is also likely to reduce genetic trends in growth rate in maternal line pigs. For example, in the context of a maternal line breeding index without EBV for mature weight, adjusting the economic value for ADG to account for the correlated increase of 3 kg SMW per 10 g/d increase in ADG would decrease the economic weight for ADG by 40%. However, taking live weight records on mature sows in order to be able to include EBV for sow mature weight directly in the index would support a breeding goal targeting a reduction of sow mature weight and a simultaneous increase of progeny ADG.
Similarly, the conventional trait, number born alive per litter, is likely to be unfavorably correlated with the piglet survival traits and the maternal genetic effect on piglet lifetime ADG. Thus, inclusion of these new maternal traits in maternal line pig breeding programs would provide new opportunities for neutralizing antagonisms in genetic improvement and would significantly increase the value of genetic progress in a maternal line.
The definition of enterprise scale and its impact on economic values have long been a topic of debate in the animal breeding literature. A single arbitrary definition of the scale of the enterprise has been advocated by Smith et al. (1986) and has been followed by De Vries (1989) , in which traits that increase output of production have their economic values discounted so only savings in costs are included. In this study, we have maintained flexibility in our model approach, identifying number of piglets born alive and preweaning piglet survival as traits that have economic weights that increase by approximately 100% with a switch from the assumption of a fixed number of piglets (i.e., fixed output) to the assumption of a fixed number of sows. In terms of an approach based on the long-run optimization of farm size from a microeconomic theory perspective (Amer and Fox, 1992) , these 2 economic values can be considered to be the bounds of where the true economic value might lie for competitive pig production firms that are not constrained by output quotas. In effect, the likely long-run response of a competitive farm to a trait that increases piglet output through genetic improvement of their maternal line is likely both to reduce the number of sows carried and to increase total piglet output. Arguments that increases in piglet output will result from increased litter size and piglet survival are even more compelling in a short-run context. For example, when the breeding objective is used to select commercial replacement gilts, a short-run context is appropriate, and the replacement gilt buyer will benefit fully from any increases in output that can be achieved over the lifetime of the replacement gilt. Thus, the choice taken in this study to express the percentage importance of maternal traits under the assumption of fixed outputs and counting only cost savings could be considered conservative. Therefore, the presented results are best inter-preted within the context of a long-term breeding goal for a maternal line breeding program supplying gene stocks to large commercial pig growers with long-term fixed supply contracts with retailers.
It is common to have different definitions of similar traits across different breeding programs within the Australian pig industry. This is partly driven by whether or not specific traits are recorded, resulting in confusing interrelationships between traits such as feed intake, feed efficiency, and ADG. Similarly, for maternal and survival traits, some breeding programs may choose to evaluate birth survival using the number of stillborn piglets, rather than the proportion of piglets that survive. In this case, a simple modification of Eq.
[8] to remove the terms that scale up the economic value for the proportion trait by the number of piglets born alive or dead would suffice. These issues of differences in trait definition and breeding value availability highlight the value of a simple, transparent, and modular approach to constructing the breeding objective model.
There is scope to simply modify the breeding objective described here to account for animal welfare concerns. For example, the existing disposal costs of dead piglets and sows could be increased to account for the welfare implications of mortalities. These mortalities impact the emotional well-being of farmers. They are also of major concern to consumers and the wider community. In this way, pig survival traits would provide proxy measures of overall animal welfare. There are a number of approaches available to quantify how much additional weighting should be applied in this way to account for animal welfare, although to date, practical application of these approaches is rare (Nielsen et al., 2011) . When selection index theory approaches are used, for example, by arbitrarily manipulating the selection index weight to lead to improved genetic trends for traits linked to animal welfare, the apparent cost of the manipulation via reduced efficiency of selection for a breeding objective considering profit will only be lower if real economic values are available for the same survival traits. The number of traits will continue to increase, and traits describing animal welfare, group performance of sows, and behavior of sows and piglets as well as uniformity of reproductive performance may be considered in future breeding objectives. The approach presented in this study is based on using an independent submodel for each trait, which makes extension of breeding objectives straightforward. 
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